The Notch1 gene is a major oncogenic driver and therapeutic target in T-cell acute lymphoblastic leukemia (T-ALL). However, inhibition of NOTCH signaling with γ-secretase inhibitors (GSIs) has shown limited antileukemic activity in clinical trials. Here we performed an expression-based virtual screening to identify highly active antileukemic drugs that synergize with NOTCH1 inhibition in T-ALL. Among these, withaferin A demonstrated the strongest cytotoxic and GSI-synergistic antileukemic effects in vitro and in vivo. Mechanistically, network perturbation analyses showed eIF2A-phosphorylation-mediated inhibition of protein translation as a critical mediator of the antileukemic effects of withaferin A and its interaction with NOTCH1 inhibition. Overall, these results support a role for anti-NOTCH1 therapies and protein translation inhibitor combinations in the treatment of T-ALL.
leukemia | T-ALL | NOTCH1 | protein translation | synergy T -cell acute lymphoblastic leukemias (T-ALL) are immature lymphoid tumors characterized by the diffuse infiltration of the bone marrow by malignant lymphoblasts expressing immature T-cell markers (1) . Clinically, T-ALL patients typically present with elevated white cell counts in peripheral blood and frequently show mediastinal thymic masses and meningeal infiltration of the central nervous system at diagnosis (1) . In the early days of combination chemotherapy, T-ALL was recognized as a high-risk leukemia group; however, current cure rates with intensified therapy have improved to about 80% in children (2) and 60% in adults (3) . Despite this progress, the prognosis of primary resistant and relapsed T-ALL remains very poor (4) . In this context, the identification of activating mutations in the NOTCH1 gene has created major interest in the development of γ-secretase inhibitors (GSI), which block a proteolytic cleavage of NOTCH1 receptor at the membrane required for the activation of NOTCH1 signaling, as potential targeted therapy in T-ALL (5) . However, the clinical development of GSIs as anti-NOTCH1 therapy has been hampered by a paucity of therapeutic responses in early trials (6) (7) (8) . Thus, the identification of highly effective and synergistic GSI drug combinations capable of eliciting strong and synergistic cytotoxic antileukemic effects has become a major priority toward the development of effective anti-NOTCH1 therapies in the clinic.
Here, we implemented and integrated a systems biology approach toward the identification of active drugs synergistic with GSIs for the treatment of NOTCH1-driven T-ALL. These analyses identified eIF2A-mediated translation inhibition as therapeutic target for the development of synergistic drug combinations. Our results uncover highly active drug combinations for the treatment of T-ALL and identify a targetable synthetic lethality interaction between anti-NOTCH1 therapies and eIF2A-mediated translation inhibition.
Results
Expression-Based Screen of T-ALL Antileukemic Drugs. Transcriptomic studies have linked inhibition of NOTCH1 signaling with gene expression signatures related to down-regulation of anabolic pathway genes and up-regulation of genes associated with catabolic functions (9, 10) . Significantly, these metabolic effects are antagonized by activation of the PI3K-protein kinase B (AKT)-signaling pathway upon either Pten deletion or via expression of a constitutively active form of AKT (10, 11) . Here we hypothesize that pharmacologic perturbations converging on this core transcriptional response could yield drugs and drug targets with synergistic antileukemic effects in T-ALL when combined with NOTCH1 inhibition. Toward this goal we searched for positive associations between gene sets generated by drug treatments in the Connectivity Map (cMAP) (12) and the gene expression signatures induced by NOTCH1 inhibition and reversed by PI3K-AKT activation in T-ALL (SI Appendix, Fig. S1 ). To generate a NOTCH1 inhibition signature, we profiled mouse Notch1-induced T-ALL cells treated with vehicle only or a GSI [
Significance
The clinical development of targeted therapies has been hampered by their limited intrinsic antitumor activity and the rapid emergence of resistance, highlighting the need to identify highly active and synergistic drug combinations. However, empirical synergistic drug-screening approaches are challenging, and elucidating the mechanisms that underlie such drug interactions is typically complex. Here, we performed an expression-based screen and network analyses to identify drugs amplifying the antitumor effects of NOTCH inhibition in T-cell acute lymphoblastic leukemia (T-ALL). These studies uncovered a druggable synthetic lethal interaction between suppression of protein translation and NOTCH inhibition in T-ALL. Our results illustrate the power of expression-based analyses toward the identification and functional characterization of antitumor drug combinations for the treatment of human cancer. Appendix, Fig. S1 ). Genes differentially expressed in vehicle-only versus GSI-treated Notch1-induced mouse T-ALL cells identified 16 positive cMAP associations (P < 0.01) indicative of candidate drugs potentially enhancing the effects of NOTCH1 inhibition in T-ALL (Fig. 1A) . These included drugs with known mechanisms of action and redundant activities, such as histone deacetylase inhibitors (vorinostat, valproic acid, and trichostatin A); phenothiazine-derivative antipsychotic compounds (trifluoperazine, thioridazine, and prochlorperazine); and antimalarial drugs (astemizole and mefloquine); together with rapamycin, an mTOR protein complex 1 (mTORC1) inhibitor; geldanamycin, a heat shock protein 90 (HSP90) inhibitor; resveratrol, an antioxidant sirtuin agonist; parthenolide, an nuclear factor KB (NFKB) inhibitor with leukemia stem cell suppressor activity; withaferin A, a steroidal lactone natural compound with antiinflamatory and antiangiogenic activities; phenoxybenzamine, an antiadrenergic alpha receptor antagonist; pyrvinium pamoate, an antihelmintic compound with antitumor activity and preferential cytotoxicity following glucose starvation; and lanatoside C, a cardiac glycoside ion channel inhibitor used in the treatment of congestive heart failure and cardiac arrhythmias. Notably, and most reassuringly of this approach, rapamycin (13), vorinostat (14) , and different antipsychotic phenothiazine drugs (15) have been recently described to have antileukemic effects in T-ALL and to increase the activity of GSIs. Loss of Pten rescues the metabolic and antileukemic effects of NOTCH inhibition with GSI (10) . Thus, we also investigated negative associations between cMAP gene sets and the expression signatures driven by Pten loss following tamoxifen treatment of Pten f/f Cre ERT2 Notch1-induced T-ALL cells (SI Appendix, Fig. S1 ). Here, genes differentially expressed in Pten-positive vs. Pten-knockout Notch1-induced T-ALL cells identified five negative cMAP associations (P < 0.01) indicative of candidate drugs antagonizing the effects of Pten loss. These included two PI3K-mTOR inhibitor drugs (rapamycin and wortmannin), the trichostatin A histone deacetylase inhibitor, and two antipsychotic drugs (trifluoperazine and thioridazine) (Fig. 1A) . Notably, and consistent with the antagonistic effects of NOTCH1 inhibition and Pten inactivation in T-ALL, our cMAP analyses of drugs potentially enhancing the effects of NOTCH1 inhibition and compounds antagonizing the effects of Pten loss identified rapamycin, thioridazine, trifluoperazine, and trichostatin A as redundant hits in both categories (Fig. 1A) . Finally, and consistent with these results, cMAP analysis of the gene expression signatures induced by NOTCH1 inhibition in Pten WT cells, but no longer present upon GSI treatment of Pten-deleted Notch1-induced leukemias (SI Appendix, Fig. S1 ), identified three of these drugs (rapamycin, trifluoperazine, and trichostatin A), as well as parthenolide, as candidate agents to abrogate the prosurvival effects of Pten loss in the context of NOTCH1 inhibition (Fig. 1A) .
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Following on these results we next explored the functional relationships between these cMAP hits in CUTLL1, a NOTCH1-dependent T-cell lymphoblastic cell line (16) , analyzing their gene expression profiles and measuring the pairwise relationship between their gene expression signatures using gene set enrichment analysis (GSEA) (17) . Circos plot (Fig. 1B) and MANTRA plot (Mode of Action by NeTwoRk Analysis) (SI Appendix, Fig.  S1 ) representations of the similarities between the transcriptional signatures induced by each of these compounds identified drugs with highly interrelated transcriptional programs (wortmannin, valproic acid, trifluoperazine, thrichostatin A, thioridazine, rapamycin, phenoxybenzamine, and parthenolide), suggestive of a common downstream effector mechanism. In contrast, pyrvinium pamoate, resveratrol, withaferin A, astemizole, mefloquine, and vorinostat showed the least number of associations with other drugs, suggesting more distinct mechanisms of action.
Analysis of Antileukemic Effects and Interaction with NOTCH1
Inhibition. To evaluate the antileukemic effects of these drugs and their potential interaction with NOTCH1 inhibition, we first analyzed the response of CUTLL1 cells to each of our cMAP hits alone and in combination with the DBZ GSI. These analyses identified 11 compounds with strong synergism with GSI treatment (Combination Index < 0.4), 8 of which showed high (IC50 < 0.5 μM) (withaferin A, rapamycin, vorinostat, parthenolide, and wortmannin) or moderate (IC50 0.5-5 μM) (astemizole, trifluoperazine, and trichostatin A) intrinsic antileukemic activities based on reduced cell viability ( Fig. 2 and SI Appendix, Figs. S2-S4). These results were verified in a broader panel of T-ALL lines, including PTEN WT (DND41 and KOPTK1) and PTEN mutant (RPMI8402 and CCRF-CEM) leukemias (SI Appendix, Table S1and SI Appendix, Figs. S2-S5).
To elucidate the antileukemic effects of these drugs, we next analyzed their effects on cell cycle progression and apoptosis alone and in combination with DBZ ( Fig. 3 and SI Appendix,
Figs. S6-S8). These analyses demonstrated a major proapototic activity for withaferin A and parthenolide as single agents and markedly increased apoptotic responses for withaferin A, rapamycin, and astemizole when used in combination with DBZ ( Fig. 3 and SI Appendix, Figs. S6 and S7). In contrast, vorinostat, wortmannin, trichostatin A, and trifluoperazine showed a strong and synergistic cytostatic activity in combination with GSI treatment, but with limited apoptosis (SI Appendix, Figs. S6 and S7). Analyses of primary T-ALL cells from three independent NOTCH1-mutant leukemia samples demonstrated strong antileukemic effects for the combination of withaferin A and DBZ (Fig. 4A) . Consistently, and despite its short in vivo half-life (18) , withaferin A induced a marked enhancement of the antitumor effects of Notch inhibition with DBZ in vivo in a mouse model of Notch1-induced T-ALL (10) (Fig. 4 B  and C) . In this experiment, we allografted mice with NOTCH1 HD-ΔPEST mouse-induced ALL cells and upon full leukemia development treated them with vehicle only, withaferin A, DBZ, or the combination of withaferin A plus DBZ, observing a marked and significant reduction in tumor burden by in vivo bioimaging after 6 d of treatment in animals treated with withaferin A plus DBZ (Fig.  4B) , which translated in significant extension in survival from 20 d in control mice to 60 d in the combination treatment group (Fig. 4C) . Finally, we evaluated the efficacy of this treatment against two independent Notch1-mutant human primary T-ALL xenografts (SI Appendix, Table S2 ) in vivo. These analyses demonstrated variable response to withaferin A alone, but robust responses to withaferin A plus DBZ in combination (Fig. 4 D-G, SI Appendix, Fig. S9 ).
Of note, therapy with withaferin A plus DBZ in combination was well tolerated clinically. Analysis of toxicity showed increased goblet cell numbers in the intestine of mice treated with DBZ, a phenotype linked with systemic inhibition of NOTCH signaling, and similar changes with no signs of increased toxicity were noted in animals treated with withaferin A plus DBZ (SI Appendix, Fig.  S10 ). We observed no changes in the weight of C57BL/6 mice treated for 6 d with vehicle, DBZ, withaferin A, or both drugs in combination (SI Appendix, Fig. S11 ). Moreover, hematologic analyses revealed only a mild decrease of white blood cells at the expense of lymphocytes and monocytes in animals treated with the combination of DBZ and withaferin A (SI Appendix, Fig. S12 ).
eIF2A Translation Inhibition Mediates the Antileukemic Effects of Withaferin A. Withaferin A, a bioactive steroidal lactone originally isolated from Withania Somnifera, has shown antitumor effects against colorectal and breast cancer cell lines (19, 20) . However, the mechanisms of action of this natural compound remain incompletely understood. To explore the potential effector mechanisms mediating the antileukemic activities of withaferin A in T-ALL and its interaction with NOTCH1 inhibition we further analyzed the transcriptional signatures induced by this drug. In CUTLL1 cells, withaferin A treatment induced broad changes in the gene expression profile with 433 up-regulated and 424 down-regulated genes (fold change 1.3, P < 0.001) (Fig. 5A) . Notably, this signature was markedly enriched in genes and pathways implicated in protein translation, including translation (GO: 0006412), translational elongation (GO: 0006414), ribosome (GO: 0005840), and protein biosynthesis (SP_PIR_KEYWORD: protein biosynthesis). Moreover, gene set enrichment analysis (GSEA) revealed significant down-regulation of translation-related pathways upon withaferin A treatment, including aminoacyl transfer RNA (t-RNA) biosynthesis, 3′UTR translation regulation, peptide elongation, and ribosome (Fig. 5B) . Consistently with our cMAP analysis results, genes down-regulated by GSI in T-ALL, including NOTCH1 direct targets (e.g., DTX1 and MYC), are also significantly downregulated by GSEA in CUTLL1 cells treated with withaferin A (SI Appendix, Fig. S13 ). However, the transcriptional effects of DBZ and withaferin A are not completely overlapping, as evidenced by the lack of HES1 down-regulation upon withaferin A treatment (SI Appendix, Fig. S13 ). Further analysis of withaferin A-induced gene expression programs using DeMAND, a regulatory network algorithm for the identification of potential drug effector mechanisms as deregulated nodes induced by a drug treatment, identified 21 components of the translation machinery among the top 50 nodes perturbed by withaferin A (SI Appendix, Table S3 ). Notably, these included two subunits of eIF2A (eIF2S1 and eIF2S2), a protein complex that mediates the recruitment of the first Met-coupled t-RNA to the 40S ribosome subunit (21) and the inhibition of protein synthesis under conditions of cellular stress (22) (SI Appendix, Fig. S14 ). In all, these results suggest translation inhibition and the eIF2A complex as effectors of the antileukemic activities of withaferin A.
To test this hypothesis, we analyzed the effects of withaferin A in the control of protein synthesis in polysome profiling and nascent protein synthesis assays. These studies revealed reduction of polysome numbers and a significant abrogation of nascent protein synthesis in withaferin A-treated T-ALL cells compared with vehicle-only-treated controls (Fig. 5 C and D) . Moreover, and consistently with our network analyses prediction, withaferin A treatment of T-ALL cells induced dose-dependent phosphorylation of eIF2S1 at residue S51 (Fig. 6A and SI Appendix, Fig. S15 ), a posttranslational modification responsible for blocking the formation of eIF2A Met-t-RNA complexes in conditions of amino acid starvation and in response to oxidative and endoplasmic reticulum stress (21) (22) (23) . Moreover, and concomitant with eIF2S1 S51 phosphorylation, we observed increased expression of ATF4, a transcription factor specifically activated by alternative translation in the context of eIF2A-mediated translation inhibition (Fig. 6B) . Notably, expression of a phosphomimic mutant form of eIF2S1 (eIF2S1-S51D) in JURKAT and CUTLL1 cells impaired leukemia cell viability and proliferation (Fig. 6 C and D and SI Appendix, Fig. S15 ), whereas expression of a nonphosphorylatable form of eIF2S1 (eIF2S1-S51A) abrogated the antileukemic effects of withaferin A (Fig. 6 E and F and SI Appendix, Fig. S15 ) and of DBZ plus withaferin A in combination (Fig. 6 G and H and SI Appendix, Fig. S15 ). These results demonstrate a direct role for eIF2S1 phosphorylation and inhibition of eIF2A-dependent translation as a critical mediator in the antileukemic effects of withaferin A in T-ALL and support the role of therapies inhibiting protein translation in combination with NOTCH inhibition for the treatment of T-ALL. Consistent with this model, inhibition of protein translation with silvestrol, an inhibitor of eIF4A-cap-mediated translation, induced synergistic antileukemic effects with NOTCH inhibition by GSI in T-ALL (SI Appendix, Fig. S16 ).
Discussion
There is an urgent need to identify drugs that synergistically enhance the antileukemic effects of anti-NOTCH1 therapies in T-ALL. However, empirical screening approaches to the identification of synergistic drug combinations are cumbersome and often do not directly inform on the mechanisms mediating drug interactions. To overcome these obstacles we implemented an expression-based discovery strategy that capitalizes on accurately engineered mouse models of NOTCH1-induced T-ALL with conditional loss of the Pten tumor suppressor gene. Reassuringly, this approach recovered inhibitors of the mTOR/PI3K/AKT pathway (rapamycin and wortmannin), histone deacetylase inhibitors (vorinostat, trichostatin A, and valproic acid), an NFKB inhibitor (parthenolide), and several phenothiazines (trifluoperazine, prochlorperazine, and thioridazine). However, the most active cytotoxic and synergistic compound identified in this screen was withaferin A, a natural compound with antitumor, antiinflammatory, antibacterial, and immunomodulary properties. Mice treated with DBZ plus withaferin A showed markedly reduced tumor loads, low levels of minimal residual disease, and increased survival in vivo. Moreover, the broad response of multiple T-ALL cell models tested here, including GSI-sensitive (CUTLL1, DND41, KOPT-K1) and GSI-resistant (CCRF-CEM, RPMI 8402, JURKAT) lines, to withaferin A plus GSI in combination supports that this combination can overcome resistance to anti-NOTCH1 therapies.
It is unclear at this point if relapsed tumors following GSI plus withaferin A combination therapy would respond to retreatment. However, we have not observed development of resistance in vitro after sustained treatment with DBZ plus withaferin A in any of our models, suggesting that T-ALL cells need to overcome significant barriers to develop resistance to this combination. Mechanisms proposed for the antitumor effects of withaferin A include proteasome (24) , HSP90 (25) , NFKB (26) inhibition, and induction of reactive oxygen species (ROS) (27) . However, these mechanisms seem to be cell-type specific, as functional assays revealed decreased ROS levels and no or minimal impact of withaferin A in HSP90, proteasome, or NFKB activity in T-ALL cells (SI Appendix, Fig. S17 ). Functional annotation of transcriptomic data coupled with regulatory network analysis (DeMAND) pointed toward a prominent role of withaferin A in eIF2A translation inhibition. Consistently, withaferin A treatment induced decreased protein synthesis in T-ALL cells, which was mediated by eIF2S1 phosphorylation.
Key oncogenes and signaling pathways involved in the pathogenesis of T-ALL, including NOTCH1, MYC, and the PI3K-AKTmTOR pathway, participate in the regulation of ribosome biogenesis and translation (9, 28, 29) . Consistently, gene expression signatures AKR1C3  FTH1  AKR1C4  HLA−E  SRGN  H2AFY   IDS  PSMC4  KLF6  TALDO1   FOS  TCF7  ATP5F1  RFFL  ABHD3  TCEAL8  CD82  ARPC1B  CD69  MED27  CACYBP  SMN1  SMPD3  PLCG2  TGS1  LAS1L  NMT1  EPHX2  URGCP  ALDH3B2  UBA52  OGFOD1  PHF19  IP6K1  GCSAM  FANCD2  FBLN2  PPP1R3E  COX15  GBE1  PFKFB3  RPS23  NAT10  RPS29  SRP54  PFKFB4  MTA2  GPR56 induced by NOTCH inhibition in T-ALL show marked downregulation on translation-related genes (SI Appendix, Fig. S18 ). Moreover, forced expression of the eIF4A translation initiation factor has been shown to accelerate NOTCH1-induced T-ALL in mice, and inhibition of eIF4A cap-mediated translation induces apoptosis in T-ALL (30) . Our results shown here further highlight a central role of protein translation in T-ALL homeostasis and suggest a therapeutic role for targeting eIF2A-mediated translation in combination with GSIs.
Materials and Methods
T-ALL Human Cell Lines. CCRF-CEM, RPMI-8402, KOPT-K1, and JURKAT T-ALL cell lines were obtained from ATCC, and HPBALL and DND41 cell lines were obtained from DSMZ (The Leibniz Institute). The CUTLL1 NOTCH-dependent T-cell lymphoblastic cell line has been previously described (16) .
Human Primary Leukemia Samples. T-ALL primary samples were obtained from the ECOG-ACRIN Cancer Research Group (ECOG-ACRIN) tumor bank. Clinical leukemia samples were obtained with informed consent at local institutions and used under the supervision of the Columbia University Medical Center Institutional Review Board Committee.
In Vitro Studies. We analyzed cell viability and proliferation with the Cell Proliferation Kit I (Roche) and cell cycle analysis by flow cytometry after Propidium Iodide (Sigma Aldrich) DNA staining. We quantified cell viability and apoptosis by flow cytometry after Annexin V-allophycocyanin (APC) and 7AAD markers (AnnexinV BD Pharmigen). Western blot was performed using standard methods. Antibodies against NOTCH1 (Val1744) (#4147), GAPDH (#5174S), eIF2S1 (#9722), phospho-eIF2S1 S51 (#9721S), and ATF4 (#11815) were purchased from Cell Signaling Technologies; CDK4 (sc-260) and FYN (sc-271294) antibodies were obtained from Santa Cruz Biotechnology.
Microarray Gene Expression Profile Analysis. We performed cMAP analyses on gene expression signatures derived from Pten conditional-inducible knockout NOTCH1-induced mouse T-ALLs upon treatment with the DBZ GSI; upon Pten deletion induced by tamoxifen treatment; and upon NOTCH1 inhibition with DBZ as before after tamoxifen-induced deletion of Pten. We applied Drug Mode of Action through Network Dysreguation (DeMAND) to withaferin A signature to investigate potential effectors of its antileukemic activity. A detailed description of analytical parameters is given in SI Appendix, Materials and Methods.
Mice and Animal Procedures. We maintained animals in the animal facility at the Irving Cancer Center at Columbia University Medical Campus. All animal procedures were approved by the Columbia University Institute for Animal Care and Use Committee (IACUC). A detailed description of experimental therapeutic procedures is provided in SI Appendix, Materials and Methods.
Statistical Analyses. We performed statistical analysis by Student's t test. We considered results with P < 0.05 as statistically significant. We analyzed drug synergism using the median-effect method developed by Chou and Talalay (31, 32) and used the CalcuSyn software (Biosoft) to calculate the combination index (CI) and perform isobologram analysis of drug interactions. We used GraphPad Prism 4.0 software (GraphPad Software) for determination of drug IC50s using nonlinear regression analysis of dose-response curves. Statistical comparison of survival curves in pairs was performed using Gehan-Breslow-Wilconson test (GraphPad Software).
